
NRL Report 6360

The Interpretation of
Electron Microscope Fractographs

C. D. BEACHEM

Physical Metallurgy Branch
Metallurgy Division

January 21, 1966

U.S. NAVAL RESEARCH LABORATORY
Washington, D.C.

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED.



CONTENTS

Abstract.......................................................................................................................... 1
Problem Status ........................................................................... 1
Authorization.................................................................................................................. 1

INTRODUCTION............................................................................................................. 1

FACTORS THAT AFFECT THE DENSITY OF FRACTOGRAPHS ........................................ 1

Photography................................................................................................................. 2
Microscope.................................................................................................................... 2
Replica......................................................................................................................... 3
Artifacts....................................................................................................................... 19

OTHER FACTORS OF INTERPRETATION ........................................................................ 33

Stereo Viewing ........................................................................... 33
Depth Measurements ........................................................................... 33
Carbon Shadowing ........................................................................... 35
Orienting Stereo Pairs ............................................................................ 35
Precision Matching ............................................................................ 39
Tailoring of Replicas ............................................................................ 41

REPLICA FIDELITY ........................................................................... 42

SUMMARY AND CONCLUDING REMARKS ..................................................................... 43

REFERENCES................................................................................................................ 44

APPENDIX A-Figure for Practicing Unaided Stereo Viewing .............................................. 47

APPENDIX B -Reprint of Fig. 40 to Permit Removal ....................... ................................... 49

i



A 

For sale by the Superintendent of Documents, U.S. Government Printing Office
Washington, D.C., 20402 - Price 50 cents



The Interpretation of Electron Microscope Fractographs
C. D. BEACHEM

Physical Metallurgy Branch
Metallurgy Division

This report was prepared to aid the relative newcomer to electron fractography in the interpreta-
tion of fractographs. Accurate interpretation depends on understanding the effects of electron-
microscope and replica variables on photographic densities in the fractographs. Briefly, some of
these effects are as follows: Contrast decreases with increasing electron gun potential and lens
aperture size. Electron density decreases and hence photographic density in the printed fractograph
increases with the amount of replica material penetrated by the electrons. This, in turn, increases
with an increase in the local thickness of the replica or with a decrease in the angle between the local
replica surface and the incident electron beam. The thickness of the replica depends on the vacuum
in the bell jar during formation of the replica, the angle of the local feature with respect to the
depositing metal or carbon, and the distance between the feature and the source of the carbon or
metal. During shadowing, convex features cast external shadows and tend to grow larger, while
concave features contain their shadows and tend to remain the same size but to fill up with shadowing
material. Interpretation is aided by stereoscopic viewing and by precision matching of mating
fracture surfaces. Replica fidelity is a function of the choice of replication technique, with the direct
carbon process generally being superior, and of the shape of both the features under study and im-
mediately adjacent portions of the replicas.

This report can be only an aid to the newcomer, since nothing can adequately replace individual
carefulness and experience. A fracture surface usually contains several species of features, and
a few observations from one replica from one specimen are insufficient for most applications of
fractography.

INTRODUCTION
A growing number of metallurgists and frac-

ture mechanics investigators are beginning to
study fracture surfaces at high magnifications
using the electron microscope. Such studies
require making replicas of the fracture surfaces
and studying these in the microscope. The com-
bination of high magnifications and the studying
of replicas by transmission rather than of actual
fracture surfaces by reflection makes inter-
pretation difficult for the newcomer. Fracture
surfaces appear different - sometimes startlingly
so - and highly complex at electron microscope
magnifications, especially to the newcomer.

To assure proper sampling of pertinent features
on fracture surfaces, it is recommended that the
person who is trying to obtain observations and
data to complement his mechanical metallurgy
or fracture mechanics data make his own replicas
and examine them in the microscope himself.
This requires a blending of portions of the dis-

NRL Problem M01-08; Projects RRMA 02-091/652-1/R007-01-01
and RR 007-06-46-5406. This concludes the phase of the problem
dealing with the preparation of material to aid newcomers in the
field of electron fractography. Work on research phases is continuing.
Manuscript submitted October 5, 1965.

ciplines of chemistry (replication, etching, etc.),
electron microscopy, physical and mechanical
metallurgy, and others depending upon the re-
search objectives and techniques. The typical
beginner has one or two of these backgrounds,
but must learn something of the others before
he can properly interpret fractographs.

The number of visitors who come to NRL for
familiarization with interpretation of photo-
graphs taken of fine scale replica features
(fractographs) prompted the preparation of this
report.

The report deals mainly with the details of
how one relates the black, white, and tones of
gray of features on fractographs to the effects
of replica and electron microscope variables
and thus to the fracture surfaces themselves.

It is assumed that the reader already is famil-
iar with photography, can make replicas, and
can operate his electron microscope.

FACTORS THAT AFFECT THE DENSITY
OF FRACTOGRAPHS

When one views a photograph of a replica
taken in the electron microscope he sees only
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C .D. BEACHEM

black, white, and shades of gray. His whole in-
terpretation - and course of action to correct
technique errors - depends upon his ability to
recognize the things that produce the densities
of specific portions of the fractograph.

In increasing order of usual significance, the
main factors that influence density of the printed
fractograph are (a) photography variables, (b)
microscope variables, and (c) replica variables.
By far the set of variables most important in
interpretation are those involved in the prepara-
tion of replicas, since these must be understood
and often controlled and varied in day-to-day
operation. In brief the replica variables that a
fracture analyst must recognize as affecting the
density of a printed fractograph are: the basic
technique (dry strip, direct, two stage, three
stage), the replica material, the replica thick-
ness, the angle of the replica with respect to the
depositing shadowing material and carbon, the
vacuum in the evaporator during deposition of
the shadowing material and carbon, the intro-
duction of artifacts during replication, and the
angle of the replica with respect to the electron
beam in the microscope. Microscope variables
he must recognize are: the sizes of the apertures,
the cathode-anode voltage (electron speed), the
focus, the alignment, replica change in the micro-
scope (from overheating, buildup of electrical
charge, contamination), and stability. In more
detail the following considerations must be made
concerning the photography, microscope, and
replica variables which the analyst must con-
trol or may find useful to vary.

Photography

Though most darkroom techniques become
well standardized after a month or so of opera-
tion, the interpretation of electron fractographs
can sometimes be facilitated by selection of spe-
cific conditions for individual fractographs. High
contrast, for example, may be more appealing
to the eye in a specific fractograph, while some
of the fine detail used in interpretation may be
best seen in low contrast.

Magnifications should be chosen to make the
feature of interest occupy an appreciable portion
of the field of view.

Reverse printing (emulsion side of the nega-
tive up in the enlarger) is often necessary in

the precision matching studies described later
in the report.

Microscope

For the best interpretation, a person who uses
fractography to study fracture should examine
his own replicas in the microscope. Experience
with operating the microscope enables one to
recognize and correct microscope errors as well
as to obtain a select fractograph with optimum
exposure, contrast, angle, and magnification.

Condenser apertures should be small enough
to prevent overheating the replica. One of the
distinguishing features of an overheated replica
is the balling up or reticulation of the shadowing
material, as shown in Fig. 1. Other things that
may happen in the microscope are the electro-
static charging of extracted particles with a
resultant fuzzy image or the melting of particles,
causing the local destruction of the replica.

The effect on contrast of changing the accel-
erating potential of the electron gun is shown in
Fig. 2. It has been found that increasing this
voltage decreases the contrast, and decreased
contrast is useful where the replica is unusually
thick. It is sometimes necessary to make replicas
extra thick to make them mechanically stable,
and these usually can be best viewed at 100 kV.

Fractograph crispness depends upon many
factors. Focus, astigmatism, and beam align-
ment must be controlled to various degrees at
various magnifications. The accuracy of focus
and astigmatism correction required for high-
resolution work at 100,OOOX are overly suffi-
cient and not required at the magnifications
of up to 5000 or 10,OOOX that apply to most
fractography work.

Contamination of the replica (due partly to
oil vapors depositing and baking onto the replica)
while it is exposed to the electron beam is an
important factor when extended viewing times
are necessary. Replica contamination is illus-
trated in Fig. 3. These fractographs were taken
at 40 kV and a beam current of 10 gaA; higher
values of either would hasten the contamination.

Fields from alternating currents near the
microscope column, dirty apertures, specimen
holders, or specimen, or changes in lens current
can move the image while the negative is being
exposed. These are usually characterized by
blurring in one direction (transverse or rotation).
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Fig. 1 - Example of a replica overheated in the electron beam, showing the grainy appearance of reticulated shadowing
material (in this instance, palladium). This is a two-stage (cellulose acetate-carbon) replica of dimples in nickel. (Original
magnification, 45,OOOX.)

Replica

The transmission microscope requires the elec-
trons to pass through the object being studied,
and since electrons can penetrate only a few
hundred or a thousand angstroms, one cannot
put a fractured piece of metal into it and study
the fracture surface. Therefore one must put a
replica of the fracture surface into the micro-
scope for study.

These replicas may be prepared in numerous
ways, but they are all extremely thin and are
more fragile than the soot or dust that a shaft
of sunlight makes visible drifting around in
practically still air. Consequently, replicas have
the following disadvantages:

1. They must be supported on a grid, which
means that one cannot see the entire replica.
Parts (sometimes more than half) are hidden
by the opaque grid bars.

2. They are almost always prepared in such a
manner that they are in contact with a liquid
(acetone, alcohol, water, etc.) when they are
most fragile. The surface tension of the liquid,
as it evaporates, destroys some of the features
of the replicas. Features larger than 20 microns
stand a very good chance of collapsing or ripping
when the liquid evaporates. Features that are
50 to 100 microns or larger are almost certain
to be distorted or destroyed.

3. Since replicas are not the fracture surfaces
themselves, their fidelity is limited. Details on
the replicas smaller than about 40 to 50 ang-
stroms or larger than about 50 microns are al-
most certain to be to an appreciable degree
nonrepresentative of the fracture surface. This
leaves about four orders of magnitude in which
useful information can be. obtained. However,
within this range there are a number of artifact
structures which must be recognized during
interpretation.

3
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Fig. 2 - The effect of accelerating potential of the electron gun upon the contrast of the image. The top
fractograph was taken at 40,000 volts and the bottom at 100,000 volts. This is a two-stage (cellulose
acetate-carbon) replica of dimples in AISI 4340 steel. (Original magnification, 9000X.)
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Fig. 3 - Contamination of a replica in the electron microscope. The replica was exposed
to 40-kV electrons at a beam current of 10 AA. Top, start of test. Center, after 3 hours.
Bottom, after 8 hours. (Original magnification, 6000X.)
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If the reader does not already know the rudi-
ments of replication it may be wise for him to
visit one or more laboratories where replicas
are routinely made. References 1 through 4
also are recommended for those interested in
learning techniques. Replica techniques will
be referred to frequently in this report but
only to the extent that they have a bearing on
interpretation.

Figure 4 illustrates some replica variables
which must be remembered in the interpreta-
tion of every fractograph. The density of the
image (and of the printed fractograph) depends
upon the degree to which the electrons are scat-
tered when they pass through the replica. This
scattering is due to: the scattering cross section
of the elements in the replica (Ref. 1, page 246),
as illustrated in row 1 of Fig. 4; the number of
such atoms encountered by the electrons as they
pass through the replica -- which depends upon
both the thickness of the replica and the angle
at which the replica is oriented with respect
to the incident beam of electrons in the micro-
scope, as illustrated in rows 2 and 3; and the
microscope electron gun electrical potential
setting (Ref. 1, page 301).

The amount of replica material that the elec-
trons pass through is dependent upon the rela-
tionship T secant 0 where T is the local replica

A B C

thickness and 0 is the angle between the thick-
ness direction of the replica and the direction of
the incident electron beam. This means that if
the limiting amount of material which the elec-
trons can penetrate under given circumstances
is sooA, and the replica is soA thick, the angle
which gives an opaque image is more than 840
(i.e., 60 from the replica being parallel to the
electron beam). If, however, the electrons can
penetrate 1000A and the replica is 200A thick,
the angle for a locally opaque image is more than
780. Thus the replica must be locally quite steeply
tilted away from the plane of the grid in order
to cause an opaque image due to its orientation.
The effects of this orientation enter into the in-
terpretation at lesser angles, however, and the
effect of the angle often approaches or exceeds
the effect of local replica thickness.

The density variations on the image are usual-
ly affected by all of the above factors. In other
words, every feature of the fracture surface must
be analyzed with these factors in mind. Various
facets, dimples, steps, ridges, etc., of the frac-
ture surface will be reproduced in the replica
as a combination of thickness, materials, and
orientation. Neighboring facets on a printed
fractograph may have the same photographic
density which results from different combina-
tions of thickness, material, and orientation.

D

DIFFERENT
MATERIALS WITH
THE SAME
THICKNESS

DIFFERENT
THICKNESSES
OF THE SAME
MATERIAL

DIFFERENT
ANGLES WITH
RESPECT TO THE
ELECTRON BEAM
(SAME MATERIAL)

DENSITY OF
IMAGE DEPENDENT
UPON THE ABOVE
VARIABLES

Fig. 4 - Three replica variables that play major roles in
determining the density of the final image
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The thickness of the evaporated film depends
upon (a) the distance between the source and the
substrate, (b) the evaporation rate of the evapor-
ant, (c) the degree of vacuum in the bell jar,
and (d) the angle of the substrate surface with
respect to the depositing material. The first three
of these become standardized in most laboratories
after a short period of operation. The last is not
often subject to control on a microscopic scale.
One can orient the overall plane of the replica
with respect to the depositing vapor, but the
micron-sized features are ordinarily oriented
at such varying angles that the local thickness
of the deposited material varies considerably
and is essentially uncontrolled.

Figure 5 is a simple illustration of the effect
of incident (shadowing) angle upon the thick-
ness of the deposited material. At A, where
the angle is about 90°, the deposit is much thicker
than at D, where the angle is about 200. At E
the film would have negligible thickness in com-
parison to the others. It should be noted, however,
that, even at E, electrostatic attraction, van der
Waal's forces, and scattering due to an incomplete
vacuum will contribute to a deposit.

An example of the effect of shadowing angle
upon image intensity is shown in Fig. 6. In the
left portion of Fig. 6 the replica is darker (and

SOURCE

-' E PI

thus thicker), in correlation with a large shadow-
ing angle as indicated by short shadows from the
polystyrene spheres, while at the right, the photo-
graphic density is less, in correlation with the
spheres casting longer shadows.

Whether or not a feature on the substrate
will cast a shadow depends upon its shape and
orientation with respect to the travel direction
of the shadowing material. The length of the
shadow depends upon both the height of the
feature which is casting the shadow and the
location and height of the substrate on which
the shadow falls. In addition, the shape of the
shadow depends not only on the shape of the
feature which is casting the shadow but also

C

B

A

90A

Fig. 5 - The effect of shadowing angle upon
the thickness of the deposited film

:111616.3Z
Fig. 6 - The effect of shadowing angle on the replica thick-
ness. The polystyrene latex spheres on the right cast long
shadows and those on the left cast short shadows, cor-
responding with a thicker shadow deposit and darker
image to the left. (Original magnification, 600OX.)
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on the shape of the surface upon which the
shadow falls.

Figure 7 illustrates the effect of air pressure
in the bell jar, during shadowing, upon the
sharpness of the shadow. The shadows cast at
2 x 10-5 mm Hg (Fig. 7a) are much sharper than
those cast at 5 x 10-4 mm Hg (Fig. 7b). The
graininess of Fig. 7b is probably due to the excess
thickness of this replica. The magnifications
are the same.

Figure 8 shows a sketch of a substrate which
is first shadowed at 45° and then rotary-shadowed
with carbon to give a more uniform layer of
carbon over the whole substrate. The cubic hill
(A) and cubic hole (B) may be thought of as either
the fracture surface or a plastic replica. On the
other hand a hole as at B may be considered a
negative plastic replica of a hill as at A in a
metal surface, and vice versa. The vertical thick-
nesses of the replica at T2 are sufficient to pro-
hibit the passage of electrons (even though the
actual replica thickness at section Z-Z is equal
to T.), so the outlines of the cubes are black.
This sketch illustrates an important point:
features that contain their own shadows were
holes at the time of shadow deposition, while
features that cast shadows outside themselves
were hills. When one looks at a fractograph,
he must be certain of the replication technique
used in order to determine whether the feature
on the original fracture surface was a hill or a
hole. If it is a two-stage (negative) replica, and
the feature casts an external shadow, then he is
sure that the feature was a hill in the negative
replica and a hole in the original surface.

It is seldom, however, that one sees such
simplified features on fracture surfaces. Inter-
granular fractures are frequently encountered,
and these are a bit more complex to analyze.
Fracture along equiaxed grain boundaries
presents more or less flat surfaces to view.
Figure 9 shows a system of flat facets which fit
together at angles to form a faceted hill (A) and
a similarly faceted hole (B). Again this was
shadowed at 450, and then a uniform thickness
of carbon was deposited. The effect of the angle
of the substrate with the depositing vapor direc-
tion is seen in the decreasing replica thickness
from T2, where the facet is perpendicular to the
depositing material direction, through T5. At
the T5 positions the facets are essentially parallel

to the vapor direction, and neither the hill nor
the hole casts a shadow. The sketch of the
fractograph at the top of Fig. 9 shows that not
only the angle of the substrate with respect to
the direction of travel of the vapor as projected
on a vertical plane (a) is important but the angle
as projected on a horizontal plane (/3) is equally
important. Thus the decreasing densities of the
facets from X1 to X4 are dependent upon both
angles.

A fractograph of an intergranular fracture in
sintered tungsten of 90% density (5) is shown
in Fig. 10a. This fractograph illustrates some
interesting points of interpretation. First the
intergranular facets are rather flat and therefore
of uniform density. Surfaces which were flat
when shadowed and remain flat in the electron
microscope have even photographic densities
throughout each surface. If the facets were
oriented at different angles to the shadowing
direction, then the fractograph density will vary
from one facet to another. Facets of equal shadow-
ing angle will have equal densities, provided
that their angles with respect to the electron
beam are also approximately the same. Figure
10a was made from a negative replica, and one
may see that the replicas of the roughly hemi-
spherical holes (sintering pores) at E through
G cast shadows outside themselves. The fracto-
graph is repeated in stereo (Fig. 10b) in case
some reader wishes to investigate these points
himself.* The central portion of the fractograph
is a replica of a hole where a grain had been
pulled out of the surface. Thus the negative
plastic replica is a hill and casts the external
shadow at H. Facets A and B are sides of this
hill. One can see from the shadowing direction
(toward the upper left) that facet A was exposed
to the shadowing material while facet B was
hidden from the shadowing material. From con-
sideration of the thinner layer of material that
was deposited on facet B, one would expect
facet B to be lighter than facet A. It is not,
however, because its angle with respect to the
electron beam direction in the microscope is
more acute than that of facet A, and it is tilted
in the range (some 600 or 700 away from normal

*Unaided visual stereo viewing is discussed in Appendix A with
reference to Fig. 33. One may wish to pause here and practice doing
this.
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(a) 2 x 10-5 torr

(b) 5 x 10-4 torr

Fig. 7 - Effect of air pressure in the bell jar during evaporation on the sharpness of the shadow. This
is a two-stage (cellulose acetate-carbon) replica of cleavage tongues in iron. (Original magnification
of both photographs, 15,OOOX.)
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B

R7g\\ UNIFORM CARBON DEPOSiT
METAL SHADOWING AT 450

Fig. 8 -Model of the shadowing and carbon backing of features simplified as a cubic hill and a cubic hole. The replica thickness
at T. locations completely inhibits the passage of electrons; hence an opaque border is seen around the two cubic features at
the top. The hill casts a shadow outside the border, while the hole contains its shadow within the border.

to the beam) where the scattering due to this
effect is more than scattering due to the film
thickness. Facets C and D have approximately
the same angle with respect to the electron
beam and thus the shading correlates with the
deposited film thickness. Facet D was shadowed
while C was hidden; thus D is darker than C.

A further example of the effect of the angle
between the replica and the electron beam may
be seen by comparing Fig. 11a with Fig. 11b.
These two fractographs are mounted for unaided
eye stereo viewing, and consideration of the
labeled facets shows the effect on the contrast
when the replica is tilted by 100 in the stereo

10
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A B

UNIFORM CARBON DEPOSIT

METAL SHADOWING AT 450

Fig. 9 - More realistic replica shape than in Fig. 8, illustrating many facet orientations, and considerations
of the two components of the shadowing angle (( and /3)

holder. In (a) the replica is tilted 50 to be viewed
more from the left and in (b) it is tilted 50 to be
viewed more from the right. Facets A and D
appear flat and nearly horizontal when viewed
in stereo, which means that in making the two
fractographs they were tilted about 50 each way
from perpendicularity to the incident electron
beam direction. They therefore have about the
same density in both fractographs. The angle
between the electron beam and facets B and C

increased from Fig. 11a to Fig. lib; therefore,
facets B and C appear lighter in Fig. lib.

Other examples of flat surfaces are shown in
Figs. 12 through 15, with each caused by a
different mechanism. The flat facets in Fig. 12
were formed when a titanium alloy was stress-
corrosion cracked at room temperature in dis-
tilled water. The facets strongly resemble those
seen in cleavage of body centered cubic or HCP
metals (6). Figure 13 shows a fractograph from

11
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Fig. 10b - Fractographs of the replica shown in Fig. 10a arranged for stereo viewing

I- I--Hr83-

(a) (b)
Fig. 11 - Stereo pair of fractographs of a piece of AISI 4340 steel which was stress-corrosion cracked in
distilled water. Facets B and C, which in the replica drop down toward the right, are photographically lighter
in (b), where the replica is viewed in the microscope more from the right. This is a two-stage (cellulose acetate-
carbon) replica. (Original magnification, 6000X.)
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Fig. 12 - Cleavage, due to room temperature stress-corrosion cracking, in a Ti-7%AI-2%Nb-1%Ta alloy. This is a
two-stage (plastic-carbon) palladium-shadowed replica. (Original magnification, 6000X.)
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Fig. 14 - Secondary cracks with a probable crystalline orientation effect upon fracture path in the fatigue of a
2024-T851 aluminum alloy. This is a two-stage (cellulose acetate-carbon) palladium-shadowed replica. (Original
magnification, 600OX.)
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II

Fig. 15 - Slip steps in iron deformed at room temperature after it had been etch-pitted. The light surfaces A, B, and C are

mutually parallel and represent an originally flat surface which was dissected by slip. This is a two-stage (cellulose acetate-

carbon) palladium-shadowed replica. (Original magnification, 15,000X)

an iron specimen which was cleaved at dry ice
temperature. Cleavage facets of three orienta-
tions may be seen: the major portion of this
region is at one orientation, while smaller facets
are seen to be either lighter (examples between
horizontal arrows) or darker (examples between
vertical arrows). The three orientations have
distinct densities, with all the facets of a given

orientation having consistent density. Figure 14
shows the effect of crystal orientation on fatigue
fracture surface markings. The overall fracto-
graph shows one orientation, while frequently
the fatigue crack has propagated along portions
of another set of planes (examples between
the arrows). The effect of crystal structures on
producing flat surfaces is further seen in Fig. 15.
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Here a region on the surface of an iron wire was
polished, etch-pitted, and then bent (7). The
alternating light and dark parts of the central
portion shows where slip on parallel planes
dissected the patch of etch pits. Surfaces A, B,
and C are the original surface (unstrained),
while D, E, and F are new surfaces formed during
the slip process. Surfaces A, B, and C are mu-
tually parallel and have the same photographic
density. The same is true for the new surfaces
D, E, and F.

One must exercise extreme care in his inter-
pretation, however, when determining which
surfaces are parallel. The indicated surfaces
in Figs. 13 through 15 are known to be parallel
because many fractographs were analyzed in
stereo. It should be remembered that the same

density in two regions of a fractograph is no
guarantee that these regions were at the same
angle during shadowing or were at the same
angle with respect to the beam in the microscope.

Figure 16 illustrates the deposited material
thickness and image appearance of convex and
concave curved surfaces. Although the heights
and depths illustrated are not sufficient to cast
shadows, the photographic density tends to be
darkest where the replica is locally oriented
most nearly normal to the direction of the
depositing material. The dashed line a across
the sketch of the fractograph indicates the line
of constant density which one would expect from
the shadowing angle, and this is what one sees
on fractographs when the height of the curved
surface is small in relation to its diameter.

.. .. . . ..

:

:

:;_
;_

.

.

I
I
I

Ila.
I

II

/

A B

Fig. 16 - Simplified sketch of a curved convex hill (A) and a concave hole (B). The dashed line (l at the upper left represents a
line of constant density which one would expect from considerations of the shadowing angle, while b is the line of constant
thickness as would be seen vertically by the microscope when the hill is high with respect to its radius.
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When the height approaches half the diameter,
however, the edges of the rounded feature become
nearer vertical, and the density which one sees
on the fractograph becomes predominantly
affected by the angle of the replica surface to
the incident electron beam. A line of constant
density in this case would be more like the
dashed line b in Fig. 16. Examples of this effect
are seen in the negative replicas of hemispherical
holes in the fractograph shown in Fig. 1Oa, where
E and F have lines of constant density as sketched
as line b in Fig. 16. Pore G shows constant
density at equal distances from its center because
the scattering of the electrons is more dependent
upon the angle of the replica with respect to
the electron beam than it is upon the local
shadowing metal thickness.

Both Figs. 16 and 17 illustrate another rule
in interpretation: gradually changing density
means that the surface is a curved surface in
the microscope or that the replica was flattened
after shadowing. Figure 17 shows a direct carbon
replica of a tough pitch copper fracture surface.
The three straight lines span three concave
dimples (between arrows) which resulted from
plastic flow and the coalescence of voids. Shadow-
ing direction is from lower left to upper right.
Inspection of the density along any of the three
lines shows it to be gradually changing. Other
dimples in a more heavily shadowed replica of
another fracture surface (Fig. 18) show this
gradual change of density more clearly.

Figures 19, 20, and 21 illustrate the fact that
flat surfaces on the fracture surface may appear
as regions of gradually changing density in the
fractographs. Figures 19 and 21 are replicas of
cleavage surfaces which are known to be com-
posed of flat facets. The replica shown in Fig. 19
is of iron cleaved at dry ice temperature and
shows where the replica has broken and curled
as sketched in Fig. 20. The gradual change in
density is seen between the arrows (Fig. 19).
Figure 21 shows a replica of a cleaved single
crystal of tungsten, with flat surfaces on the
original specimen shown between the vertical
arrows (8). The horizontal arrows show where
the replica wrinkled on the grid. Thus, when
one sees a region of gradually changing density,
he knows the surface was either rounded during
shadowing, or was rounded in the microscope,
or both. He thus must ask himself, "When was

it rounded?" This will be discussed further
in a later section of the report.

Artifacts

In fracture surface studies, a general rule is
to observe the fracture surface itself if possible.
If this is not possible, due to demands on mag-
nification or for some other reason, and a replica
must be made, the general rule is to make a
direct replica of the surface. The use of a two-
stage process is often necessary, however, and
some have used three-stage processes. The
further one gets from direct observations of the
fracture surface, however, the more trouble he
is likely to encounter from the presence of
features on the replica that are due to replica-
tion factors alone. These structures that are not
related to the fracture processes are called
artifacts, and proper analysis of fracture mech-
anisms depends upon the proper identification of
these artifacts. Sometimes the artifacts can be
so numerous as to completely hide the shape of
the original fracture surface. Thus artifacts
must be either identified, or both identified and
eliminated, depending upon how much they
hinder the collection of meaningful observations.

In the range of magnifications where the light
microscope can be used to study fracture surfaces,
its use is essential to proper analysis. Figure 22
shows the difference between light microscope
and electron microscope pictures of the same
region on a surface in which a low-cycle fatigue
crack has initiated (7). The light microscope
distinctly shows the crack, whereas the electron
microscope fractograph gives little indication
of a crack.

Figure 23 shows an extreme example of poor
replica fidelity. The dimpled fracture surface
was first replicated with a room-temperature-
setting silicone rubber. This was then replicated
with parlodion in amyl acetate, and the parlodion
replica was placed in the evaporator and a carbon
replica made of it. Though the poor resolution
is due largely to the poor choice of the particular
rubber used to make the first replica, it is still
a good general rule to use as few replicating steps
as possible.

Other, more common, artifacts are shown in
Figs. 24 through 28. Figures 24 and 25 show
undissolved plastic or other partially dissolved
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3728
Fig. 17 - Direct carbon replica of dimples (depressions shown between arrows) in tough pitch copper. The palladium

shadow direction is from lower left to upper right. (Original magnification, 15,OOX.)
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Fig. 18 - Dimples in maraging steel. This is a two-stage (cellulose acetate-carbon)
palladium-shadowed replica. (Original magnification, 25,OOOX.)
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Fig. 19 - A torn and curled portion of a direct carbon replica of a flat fracture surface
(iron cleaved at dry-ice temperature). A region of gradually changing density is shown
between the arrows. Section A-A is sketched in Fig. 20. (Original magnification,
12,OOOX.)

T2 T3 T4 T5 16

Fig. 20 - Section A-A of Fig. 19. Thicknesses T., T,
and T; are sufficient to stop the electron beam.
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Fig. 21 - Cleavage in a tungsten single crystal (8). The vertical arrows indicate originally flat surfaces,
while the horizontal arrows indicate wrinkles in the replica. This is a two-stage (cellulose acetate-carbon)
palladium shadowed replica. (Original magnification, 4000X.)

(a) Light microscope

(b) Electron microscope 0111:
Fig. 22 - A comparison of light microscope and electron microscope pictures of a fatigue crack trough. The trough is easily seen
in (a), where the focus is a function of depth, but the identical region might escape detection in (b), where the clarity is not a
function of depth. (Original magnification, 650X.)
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Fig. 23 - Replica showing poor fine-scale fidelity. A three-stage replication technique was used, with a poor grade of room-

temperature curing rubber as the first replica. (Original magnification, 600OX.)
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Fig. 24 - Example of incompletely removed plastic from the carbon in a replica made
cellulose acetate-carbon technique. (Original magnification, 6000X.)

by the two-stage,
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Fig. 25 - Another example of incompletely removed plastic from the carbon in a replica made by
the two-stage, cellulose acetate-carbon technique. (Original magnification, 14,OOOX.)
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Fig. 26 - Scraping artifact frequently encountered in the two-stage process. The markings are formed when
the plastic is scraped against some portion of the specimen during removal from the specimen. (Original
magnification, 3500X.)

organic substance (glue from tape is a possi-
bility). Figures 26 and 27 show two artifacts
which are inescapable when plastic replicas
are made of rough fracture surfaces. The plastic
always scrapes against some protrusions on the
fracture surface as it is removed (Fig. 26). Some
plastic inevitably is securely wedged into the
crevices and the plastic locally rips apart when
the rest of the plastic is removed, leaving small
bits of plastic in the crevices. The surface of a
tear in cellulose acetate is shown in Fig. 27.
The scraping artifacts shown in Fig. 26 and tears
in plastic as shown in Fig. 27 have been mis-
interpreted by several investigators as proof of
various fracture mechanisms. Fatigue, glide
plane decohesion (slip, producing slip steps),
and hydrogen embrittlement are some of the
mechanisms which have been "identified"
erroneously by not recognizing scraping or
tear-in-plastic artifacts. An artifact produced

by scraping may have different appearances,
depending upon both (a) how much area of the
plastic was dragged across a specimen projection,
and (b) how hard it was pressed against the pro-
jection as it was scraped across the projection.
This scraping artifact generally is on the side
of a hill with several or many closely spaced
parallel lines extending approximately up and
down the hill. Depending on (b) above, these
lines may be superimposed upon the real shape
of the fracture surface, a combination which
can lead to wasted interpretation time if the
artifact is not recognized.

Other artifacts have been shown and discussed
in Refs. 9 and 10. Figure 28 shows a direct
carbon replica where the shadowing material
was partially removed and was peeled up in
pieces (at arrows) during the electropolishing
which was used to free the replica from the
fracture surface.



28 C. D BEACHEM

9912
5L-

Fig. 27 - Features of torn-plastic artifacts often seen where the plastic is stripped from an extremely jagged fracture. Parts

of the plastic replica are so firmly held in the specimen that they tear during stripping. This is a two-stage (cellulose acetate-

carbon) replica. (Original magnification, 600OX.)
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Fig. 28 - Shadowing material (palladium) which was partially removed from a direct carbon replicaduring the electropolish-freeing process. (Original magnification, 30,OOOX.)
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Fig. 29 - Sketch (top) showing stages of formation, and direct carbon replicas (bottom), of tear dimples. The sketch shows the
coalescence of a void with a larger free surface, with (A) showing the fracture surface and (B) showing the cross section. The
fractographs show iron on the left and 304 stainless steel on the right. (Original magnifications, 3000X on the left and 7000X
on the right.)

The problem of maintaining replica fidelity
during removal of plastic from fracture surfaces,
and the superiority of the direct replication
process, is illustrated in Figs. 29, 30, and 31.
Figure 29 sketches the formation of the oval
dimple (11) and shows examples of direct carbon
replicas of this type of fracture surface. The
stripping action during removal of plastic from
such a fracture surface feature, however, cannot
help but deform the plastic, if it can be pulled
out at all. Figure 30 shows what happens. Es-
sentially the same thing is shown in Fig. 31,
where the top fractograph shows spade-shaped

"tongues" in a direct carbon replica of a cleaved
piece of iron, and the bottom fractograph shows
the same kind of feature as replicated by cellulose
acetate. The arrows in the two fractographs point
to the tongues. The plastic at the bottom of the
tongues either remained there during the
stripping, or was bent up when it was removed
from the tongues, because the three thicknesses
of carbon shown comprising the tongues in the
top are not present in those shown at the bottom.

Another common artifact is shown at E in
Fig. 32. This is simply a local ripping apart and
partial overlapping of the replica.
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STRIPPING DIRECTIONS

Fig. 30 - Examples and sketches of how two-stage (plastic-carbon) replicas of partially exposed voids on the
fracture surface imperfectly reproduced the fracture surface, in contrast to the direct carbon replicas of Fig.
29. (Original magnifications: (A) 3000X, (B) 24,OOOX, and (C) 6000X.)
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Fig. 31 - A further illustration of the superiority of a direct replication process. Tongues (arrows)
are reproduced by the direct carbon process (top) but are not faithfully reproduced by the two-stage
(cellulose acetate-carbon) process (bottom). (Original magnifications, 18,OOOX at the top and 15,OOOX
at the bottom.)
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Fig. 32 - Illustrations of some of the features that give rise to opaque regions in replicas and an illustration of a tear in a replica

OTHER FACTORS OF INTERPRETATION

Stereo Viewing

Examination of replicas by stereo viewing
provides a means of immediately seeing eleva-
tions-one does not have to figure out which
features are depressions and which are hills
from analyses of shadows each time he interprets
a feature. Furthermore it makes direct quan-
titative measurements of heights, independent
of shadows, possible.

Figure 33 is a stereo pair of a dimpled rupture
surface with what appears as only a ragged dark
band to the left in monoscopic viewing. Stereo
viewing (see Appendix A) shows this dark band
to be an overhanging cliff, apparently shaped
the same as the original fracture surface, whereas

monoscopic viewing can only afford a guess at
this. Without stereo viewing one often cannot
say whether such a region is a collapsed portion
of the replica or not. As shown in Fig. 32, any
number of structures can give opaque regions.
Only stereo viewing can permit many analyses
such as these. Of course, if a feature is entirely
opaque, even stereo viewing cannot divulge its
internal shape. But it can permit the establish-
ment of elevations of the perimeter of the opaque
feature.

Depth Measurements

Depth measurements may be made from stereo
pairs by measuring parallax differences in the
two stereo pictures. Parallax is the distance
between a specific point in one fractograph and

A
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Fig. 33 - Stereo pair which illustrates the usefulness of stereo viewing in determining the shapes of
such features as the overhinging cliff facing left that forms the dark band. This is a two-stage (cellulose
acetate-carbon) replica of dimples in AISI 410 stainless steel, broken at room temperature. (The
circular feature at the center is extraneous and was added for practice in unaided stereo viewing as
explained in Appendix A.) (Original magnification, 4000X.)

the same point in the other fractograph when
the two are side by side for stereo viewing.
This distance is determined in part by the angle
of tilt between the two orientations of the replica
in the microscope with respect to the electron
beam when the two fractographs were made.
Points of different heights in the replica will
have different distances between them from one
fractograph to the other, with the highest point
having the least distance, since the two views
tilt toward each other.

Depths can be determined with the formula
due to Edwards (12)

(1)

using the dimensions shown in Fig. 34. The i's
in Eq. (1) are obtained from linear measurements
on the surfaces of the fractographs (converted

0,0

H

a I 12 L

W/ + X ~~~~~~~~h2

////ROSSSECTON OF THE FRACTURE SUFCE///

EQUATION OF LINE W: 12 H-h 2 L=O

12h1- h21 
HEIGHT OF RIDGES =:d = 2 2

,/1-21h 2

Fig. 34 - Nomenclature and method of depth measurements
from stereo fractographs

to absolute lengths by dividing by the magnifica-
tion) and the h's are obtained from the following
equation, also due to Edwards (12):
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h= AP (2)

2M sin 2
2

where Ap is the parallax difference, M is the
total magnification, and 0 is the angle of tilt
between the two orientations of the replica when
the two fractographs were made. The difference
between the two parallaxes of two points, by
Eq. (2), gives the difference in heights of the
two points. In the case of Fig. 34, one point is
used to fix a coordinate system, and the heights
of two other points are determined relative to it.

Before making measurements such as these
one should obtain a parallax bar with an accuracy
of linear measurement of about 0.01 mm, and
study the literature on measurements from
stereo pictures (e.g., Ref. 13). One should also
be forewarned that a great deal of time and
effort is required for this work.

On flat surfaces one can, of course, calculate
heights from a knowledge of the angle between
the local substrate and the depositing vapor and
a measurement of shadow length (1). If one does
not know this angle, he may make two evapora-
tions from two different directions, and from the
difference in shadow lengths calculate the sub-
strate angle (Ref. 1, page 332). Another technique
is to place objects of known height on the replica,
and let them cast shadows (10). Similar-triangle
considerations can then permit the calculation
of the heights of unknown features on the same
flat surface. However, most fracture surfaces
do not have large enough flat surfaces on them
to permit these techniques on much of the
replica.

Carbon Shadowing

Carbon, silicon monoxide, or some other
chemically stable material is deposited or caused
to form on the specimen or primary replica
surface in the preparation of replicas to give
the replica a continuous body. Most replicas
are prepared by a metal-shadowing and "carbon-
backing" technique.

Although the deposition of carbon is not
thought of as a shadowing process, shadows
are deposited. Figure 35 shows a polystyrene
sphere which casts two shadows. Shadow A was
cast during deposition of the metal and shadow

B was cast during the deposition of carbon.
Shadow B would not have been cast if the replica
had been rotated during the carbon evaporation.
However, replica features such as shown in
Figs. 36, 37, and 38 cannot help but cast some
carbon shadows. The overhanging feature shown
in Fig. 36a would cast a shadow whether it was
rotated during carbon deposition or not. The
same is true for the deep valleys shown in Fig. 37;
not much depositing material can get down into
the valleys. Figure 38 shows such a surface,
with examples of valleys between hills shown
between the arrows. The hills are, of course, pits
in the metal surface.

When two evaporations are used to form the
replica, and two shadows are cast as in Fig. 35,
the heavier shadow normally would be that
thrown by the metal. It is useful to use the
direction of the metal shadows to denote, for
example, the macroscopic crack propagation
direction. However, on most fracture surface
replicas, a sizeable proportion of the replica
will not be exposed to the evaporated metal.
When such regions are exposed to the depositing
carbon, distinct carbon shadows are cast if the
the replica is not rotated. Thus when one sees
a single shadow of a feature which was not
rotated during the deposition of either the metal
or carbon, he does not have a foolproof way of
knowing he is seeing the shadow caused by the
metal and not the shadow caused by the carbon.
Instead he has lost the ability to correlate the
local shadow direction with macroscopic crack
propagation direction. This is one of the reasons
for rotating the substrate during the deposition
of carbon. (The other reason is that it gives a
more uniform-and thus perhaps stronger-
layer of carbon.)

Orienting Stereo Pairs

The study of stereo fractographs is helpful
in the interpretation of fracture mechanisms.
One of the useful features of studying stereo
pictures is that the relative elevations can be
made to reverse by either interchanging the two
pictures or by rotating each 1800 under the
viewer-hills become holes and vice versa.
(The effect of reversal of the hills and holes can
be seen by looking at stereo pairs in this report
by the usual technique and then by a reversed
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Fig. 35 - Comparison of palladium (A) and carbon (B) shadows cast by a polystyrene latex sphere on a
cellulose acetate replica of a scratched glass microscope slide. (Original magnification, 34,OOOX.)

technique wherein the right-hand fractograph
is viewed by the left eye and the left-hand
fractograph is viewed by the right eye. To aid
the eyes in merging the two images, one can
first focus on a pencil point held midway to the
stereo pair. This reversed technique is not
recommended for routine viewing because it
may be harder on the eyes.) Thus one may orient
the pictures so that he is seeing the fracture

surface from outside the fractured piece or from
inside the piece.

To decide which fractograph to place on the
left and which to place on the right in order to
see the fracture surface from outside the piece,
when the shadowed replica was of cellulose
acetate (negative replica), for example, one
would first look for distinct directional shadows.
Finding them, one may orient the pictures so
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ROTARY CARBON DEPOSITION

(a)

(b)
Fig. 36 - Illustration of how a nondirectional carbon shadow can be misinterpreted as a directional metal shadow. During
replica washing or mounting on grids, features that cast such shadows sometimes change their orientations, as from (a) to (b).

that an object which casts a shadow outside itself
appears as a depression or extends down away
from the observer. Or, if a given feature contains
its own shadow, this can be made to appear as

a hill by correct orientation of the fractographs.
Frequently, however, one cannot find distinct
shadows, as in Fig. 26 for example. In such cases,
one can often determine the proper orientation
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CARBON DEPOSITEDis AT 450 WHILE SUBSTRATEROTATED

SECTION A-A
Fig. 37 - Another illustration of nondirectional carbon shadowing, showing how

carbon cannot deposit as heavily in the valleys as it can on the hills

of the stereo pictures by finding features of known
shape. The dimples in Fig. 26 are known to be
concave on the fracture surface, so one just
makes them look that way in order to know
that he is viewing the fracture surface from
outside the piece. When neither distinct di-
rectional shadows nor known features are
available, one can sometimes orient the stereo
pairs by observing nondirectional carbon shad-
ows. There are usually some features on the

surface during evaporation that cast some kind
of shadow. Figure 38 is a good example of this.
In order to know that the observer was seeing
the fracture surface from outside the piece, in
this case it was necessary to orient the stereo
pair so that the most dense regions appeared as
the bottoms of holes or valleys. (The bottoms
of the valleys in the plastic replica were thin,
and thus these thin regions were the tops of hills
on the fracture surface.)
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1 U76, 8 aAuO
Fig. 38 - Example of a surface similar to that sketched in Fig. 37. Pairs of hills with a valley between each
pair, are shown between arrows. This is a two-stage (cellulose acetate-carbon) replica of type 304 stainless
steel, stress-corrosion cracked in boiling MgCl2 . (Original magnification, 45,OOOX.)

If there are no distinct shadows, no known
features, and no nondirectional carbon shadows
in the particular fractographs under study, the
only thing which will permit proper orientation
of stereo fractographs is meticulous record
keeping of the orientation of the replica from
start to finish. Happily, this is seldom necessary.

The difficulty of proper stereo pair orientation
increases with increasing magnification, because
when less of the replica is seen in one stereo
pair, one has a poorer sampling of the replica,
and often the degree of magnification is reached
where only a few features are seen which cast
shadows. As shown in Fig. 36, it is potentially
dangerous to use only a single shadow to deter-
mine orientation. In this sketch a feature which
casts a distinct carbon shadow is seen to change
its orientation during some stage of replica
preparation (after shadow casting), and when
seen in stereo, appears to have been erect during
metal shadowing, casting a directional shadow.
The real metal shadow would probably be in
some other direction, had one been cast. Another
example of this danger is shown in Fig. 39.
Here the projection on the left (A) casts a shadow

onto another projection (B) to its right. The top
sketch shows that only one opaque region may
be seen on the fractograph, and stereo viewing
may not enable one to sense the relative height
of the opaque region with respect to the height
of the shadow. Under such circumstances one
might erroneously believe that the replica to
the right of the opaque region was a depression
at the time of shadowing since it appears to
contain its own shadow. One must make certain,
therefore, in determining orientation of stereo
pairs, that the shadows he is using as a guide
were in fact cast by the objects under considera-
tion and that the shadows are in fact the shadows
that he is looking for (usually the metal shadow
as contrasted to a carbon shadow). These diffi-
culties are seldom encountered when several
shadows are seen in the fractographs.

Precision Matching

The option of orientation of stereo pairs is
useful in precision matching studies. When two
mating metal fracture surfaces are seen side-by-
side with the unaided eye, one is "the mirror
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II// METAL SHADOWING AT 450

Fig. 39 - An example of how observations of a
single shadow can lead to misinterpretation

image" of the other. A detail on the lower left
of one will be matched by a detail on the lower
right of the other, for example. In precision
matching studies, interpretation is facilitated
by printing the pictures so that this "mirror
image" effect is changed so that a detail in the
lower left of one fractograph is matched by the
mating detail in the lower left of the other.
This is often accomplished by printing one picture
with the negative emulsion up and the other with
the emulsion down. When the stereo pictures
are printed in this manner, one can imagine
that he is seeing one surface from outside the
piece and the other surface from inside. This
concept can be used in the orientation of the two
sets of stereo pictures under the viewer in such
a manner that the observer sees both surfaces
simultaneously. He may then proceed to make
quick observations as to whether or not a pro-
jection on the surface fits into a depression on

the other, and so on. An example of such an
exercise is shown in Fig. 40, which is printed
for unaided visual stereo viewing." These are
direct carbon replicas, so that when a feature
contains its own shadow, the stereo pair should
be oriented so that this feature is a hole if one
wishes to see the fracture surface from outside
the piece. The top stereo pair is oriented this way.
The bottom pair is oriented so that the observer
sees this matching fracture surface from inside
this matching piece. The inverted V extending
across the two top fractographs is seen to be the
top of a sharp ridge in stereo, which then is a
ridge on the real fracture surface. The matching
feature on the bottom pair is seen as the bottom
of a sharp groove, and since we are seeing this
surface from inside the matching piece the line

*Figure 40 is reprinted in Appendix B to permit it to be removed
if one wishes to use a viewer.
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Fig. 40 - Stereo pairs of matching fracture surfaces in 7075-T6 aluminum alloy, showing a large

stretched region at the bottom of each fractograph and tear dimples at the top. These are palladium-

shadowed direct carbon replicas of the matching surfaces. (Original magnification, 4000X.)

is again the top of a ridge on the real fracture
surface of the matching piece. The interpreta-
tion therefore is that this particular region of
the metal piece broke by tearing (14), and a
tear ridge (15) was formed on both fracture
surfaces.

Tailoring of Replicas

Interpretation is aided significantly by tailor-
ing the replication technique and procedure to

the surface to be observed. One must have some
good idea of what he wants to see in the micro-
scope before he makes his replica. If, for example,
he wants to study very fine fatigue striations,
the shadowing metal should be evaporated
perpendicular to the striations rather than
parallel to them. He then would have the best
chance of seeing them if he evaporated in the
direction of macroscopic fatigue crack propaga-
tion (since the striations represent successive
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positions of the crack front). Striations in some
instances cannot be seen unless they are thus
properly shadowed.

One must be extremely careful when he
attempts to precisely match two mating surfaces.
Not only does he want to be able to complete
his study, but he wants to have clean, sharp
pictures for illustrating his findings when he
publishes his results. In these cases, particular
areas on both surfaces must be shadowed at
the same angle and the same density - otherwise
one picture will appear crisp and the other will
appear washed-out.

The prior knowledge of the size of things that
are to be observed is also useful in making
replicas. Features to be photographed at or
below 1000X should have much more shadow and
carbon than those which are to be photographed
at 30,000X. It is certain that one cannot get the
best possible pictures at both magnifications
from the same replica. If a replica is made very
thin so that the 0.01t features are shown in good
fidelity, then the 10 or 20g features are quite
likely to collapse or rip, and they will not be
dense enough, or have enough contrast, to make
a good picture.

To decide upon the thickness of the replica,
then, one needs to consider two factors. First,
the thickness of the film should be small in
relation to the objects to be observed. Secondly,
the film should be as thick as is permissible to
give it as much strength as possible. This is
offered only as a qualitative rule-no actual
measurements of replica thicknesses have been
made with relation to fidelity of specific sizes of
objects and strengths of the replicas.

The need to make replicas thin in relation to
the size of replica features to be studied is real
and important, particularly at high magnifica-
tions (30,000X and above). A 1000A-thick carbon
film is 0.1[l thick, and this is quite an appreciable
slab when one considers that at 30,000X this
0.lgu becomes 3 mm or 1/8 inch. Likewise, of
course, a 100A-thick replica (which is a reason-
ably thin replica) is thick enough so that details
on the original fracture surface that appear on a
30,OOOX final print as 0.3 mm in size, has a
coating of an additional 0.3 mm. This may well
mean that it would be three times as big on the
fractograph as it really was on the original
fracture. Thus it is the interpretation of small

features on high magnification fractographs
which require careful consideration of replica-
tion techniques and replica thicknesses.

In the earlier discussion of the shadow thick-
ness and in the sketches of shadowed replicas,
this relation between feature size and replica
thickness was not mentioned. But if one considers
Figs. 8, 9, 16, 37, and 41, he sees that during
replica formation, hills become larger, while
holes remain the same size but tend to fill up.
With normal fractographic replica techniques,
where one uses 75 or 100 mesh grids, the replica
is thick enough (several hundred angstroms) so
that this thickness must be taken into account
during interpretation. Figure 41 illustrates the
kind of potential trouble which one might seek
to avoid in high magnification examination of
fracture surface replicas. In this case a thick
shadow on one side of a rounded projection,
combined with high contrast photography, might
cause an unwary observer to think that an actual
surface of rounded pits was formed by shear
rupture (14). In failure analysis work, this
could be seriously misleading.

REPLICA FIDELITY

The degree to which the final printed fracto-
graph represents the original fracture surface is
affected by many things. Identification of artifact
structures is usually accomplished by the process
of making and studying many replicas of many
fracture surfaces (where the material and test
conditions are pedigreed) and thereby developing
a knowledge of what the fracture surfaces ought
to look like. The real test of fidelity is to take
successive replicas from the same fracture surface
and, after precision matching is accomplished,
comparing the fine detail in the various replicas.
This is time consuming and is seldom done.

One major limitation of replica fidelity arises
from the fragility of the replica. It is thin with
respect to the diameter of the grid, and each
micron-sized portion of the replica is about 50
to 100 times as wide as it is thick. These thin
composite sheets of metal and carbon obey the
same laws as any other sheet of stiff material.
They can be easily bent around one axis, as
shown in Fig. 21, but will tear or fold if forces
tend to bend them simultaneously around two
axes.
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Fig. 41 - An example of how the thickness of deposited metal, combined with high magnifications
and high-contrast photography, can lead to misinterpretation

They cannot be stretched in a direction which
lies in their plane, but will tear. However, if
several neighboring portions of the replica
form an undulating or accordion-bellows shape,
the composite may stretch without tearing by
slightly bending each of its component parts.

The shape of each individual portion (e.g.
facet) of the replica is frequently maintained by
the strengthening nature of adjacent parts.
Each of the thin, flat intergranular facets in
Figs. 10 and 11, for example, holds its shape
because the neighboring facets act as stabilizers.
This is similar to the stability of triangles and
tetrahedrons. If one sees a place on a replica,
however, where a facet is torn or deformed, he
can be fairly certain that this distortion is
somehow transmitted to some of the immediate
neighbors.

In considering the relative thinness of replicas,
one must realize that the forces of cellulose
acetate expansion, and often even worse, the
forces of liquid surface tension during replica
drying are quite sufficient to cause severe local
damage to the replica. Portions of the replica
tear or fold, or collapse, or rotate, or rumple,
and the replica-as seen in the microscope-
never completely represents the original fracture
surface. Consideration of each detail, and the
strengthening or weakening capabilities or its
immediate neighbors, is necessary in deter-
mining replica fidelity.

SUMMARY AND CONCLUDING REMARKS
This report was prepared to aid the relative

newcomer to the field of electron fractography in
the interpretation of fractographs.
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Accurate interpretation depends upon an
understanding of the various effects of micro-
scope and replica variables upon the photographic
density of specific portions of each fractograph.
Photographic contrast decreases with increasing
electron gun potential and lens aperture size.
Electron density decreases and hence the photo-
graphic density of the printed fractograph in-
creases with the amount of replica material
penetrated by the electrons. This, in turn, in-
creases with an increase of the local thickness
of the replica, or a decrease in the angle between
the local replica surface and the incident electron
beam.

The thickness of the replica depends upon the
vacuum in the bell jar during formation of the
replica, the angle of the feature with respect to
the depositing metal or carbon, and the distance
between the feature and the source of the carbon
or metal. Surfaces oriented at different angles to
the depositing material thus have different
densities, with flat facets having uniform den-
sities throughout each facet and curved surfaces
having gradually changing densities.

Features which were concave at the time of
shadowing contain their own shadows and tend
to remain the same size but to fill up with
shadowing material, while features which were
convex cast external shadows and tend to grow
larger.

Interpretation is aided significantly by the use
of stereoscopic viewing. The viewer can im-
mediately establish relative heights and shapes
of features and with time and practice can make
measurements of heights by using stereo viewing.
Precision matching studies of mating fracture
surfaces is a useful technique in proving fracture
mechanisms.

Replicas should be made thin for high magnifi-
cation studies and thick for low magnification
studies. Replica fidelity is a function of the
choice of replication technique and the shape
of both the features under study and immediate-
ly adjacent portions of the replicas.

This report can be only an aid to the newcomer,
since nothing can adequately replace individual
carefulness and experience. Every portion of
every fracture surface is to some extent unique,
since local fracture mechanisms are largely
dependent upon local microstructural con-

stituent properties and orientations and how
these react to local stresses and environments.
One thus finds that fracture surfaces usually
contain several species of features. Thus the
analyst must use additional time and patience
in properly sampling various portions of each
replica and must make replicas of representative
regions of each specimen before he can charac-
terize fracture surfaces in any one material
broken under any one set of conditions. A few
observations from one replica from one specimen
are insufficient for most applications of fractog-
raphy. In addition it is recommended that a
sizeable portion of an hour be used in interpreting
each fractograph that shows new features or new
combinations of features, i.e., most fractographs.
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Appendix A

FIGURE FOR PRACTICING UNAIDED STEREO VIEWING

Figure Al is a repetition of Fig. 33 which is re-
printed here to permit the following experiment.
A number of people have developed the capability
of seeing stereo by merely holding the stereo pair
up in front of them and looking at it. If the
reader has not developed this capability, he may
punch or cut holes at the indicated places near
the center of each of the two fractographs in
Fig. Al and, while holding the page at a distance
of about arm's length, look at a point on the
horizon (or a few hundred feet away) through the
holes. This should be done with the left eye
looking through the hole in the left-hand frac-
tograph and the right eye looking through the
hole in the right-hand fractograph. When the
page is properly oriented the two holes should
be exactly merged together at the center of the

page. The page should be rotated back and forth
to "zero in" on the exact merger of the holes.
After staring at the point on the horizon for
several minutes and then relaxing the eyes while
switching awareness to a detail of the replica,
one should realize the sense of depth in the stereo
pair. The page may again have to be rotated back
and forth a bit to achieve the sharpest clarity.
With a little practice, one should be able to merge
the images without looking through the holes at
the horizon. He should then be able to see depth
in the other stereo pairs in this report without
special equipment by selecting a prominent
feature of the replica, and (with the left eye
looking at the feature in the left fractograph and
the right eye looking at the feature in the right
fractograph) making the two images merge.

Fig. Al - Reprint of Fig. 33
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REPRINT OF FIG. 40 TO PERMIT REMOVAL
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Fig. Bi - Reprint of Fig. 40
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